Introduction
FOG build up in commercial kitchen ventilation ductwork has been an area of concern within the sector for many decades (Farrell et al., 2011 ), yet this is not reflected in the academic discourse. An extensive literature review yielded little academic work resulting in effective FOG reduction solutions within these hot and humid environments.
The increasing attention towards energy reduction, particularly in the profligate energy using environment of commercial kitchens, calls for closer consideration of the energy impacts of technologies installed in these buildings (Mudie et al., 2013) . In the same vein, when considering heat recovery in commercial kitchens, there is no greater barrier to the utilisation of waste heat from kitchen ductwork than FOG deposits (CIBSE, 2009; Fisher et al., 2013) . This paper introduces a novel grease reduction system against the background of what is currently known about the composition, measurement and control of FOG in commercial kitchen ducts and pays particular attention to its sustainability.
The removal of FOG from air flows also contributes to increased safety and reduction in insurance premiums. In 2005, the Building Research Establishment (BRE, UK) examined data from the London Fire Brigade and found 700 fires involving the HVAC system in London that year. Of these, the ignition of FOG within the duct represented the second largest principle cause of ventilation fires after the ventilation components. In the USA, each year grease fires result in over $100 million dollars in direct property damage within commercial kitchens (BRE, 2005) . The National Fire Protection Agency (NFPA, USA) reports that restaurants are the most at risk from fires spreading into the ductwork (23.72% of all duct fires), and that this is due to grease build up (BRE, 2005) . Improperly cleaned air may also result in unpleasant odours and greasy film deposits on neighbouring properties, and this may incur legal issues (DEFRA, 2005) . Recent research has attempted to characterise emissions from cooking a variety of foods in a commercial catering environment in terms of volume, particle size and composition (Schauer et al., 1996; Gerstler et al., 1999a; Gerstler et al., 1999b; Kuehn et al., 2008; Kuehn et al., 2009a; Kuehn et al., 2009b; Fisher and Swierczyna, 2014) . In general, cooking particulates are made up of hundreds of different long and short chain fatty acids, esters and carboxylic acids, several types of poly-aromatic hydrocarbons (PAHs) and lactones, among many other volatile organic compounds (VOCs) (McDonald et al., 2003; Kuehn et al., 2008; Kuehn et al., 2009a; Kuehn et al., 2009b; Abdullahi et al., 2013) .
Source apportionment is particularly challenging as species and classes of a compound are not exclusive to a particular source (Schauer et al., 1996; Schauer et al., 1999; McDonald et al., 2003; Kuehn et al., 2008) . A recent review of the field concluded that while further knowledge of source-related chemical composition would be beneficial, quantitative source apportionment remains imprecise and potentially inaccurate in realistic situations with mixed cooking source types contributing to atmospheric concentrations (Abdullahi et al., 2013) . Figure 1 and Figure 2 provide examples of source-apportioned quantities and particle sizes both in the extract plume and the duct (Kuehn et al., 2008; Kuehn et al., 2009a; Kuehn et al., 2009b) . In the plume, the majority of grease mass corresponded to particles larger than 10 µm, primarily originating from a solid fuel broiler and a wok (Kuehn et al., 2008; Kuehn et al., 2009a; Kuehn et al., 2009b) . However, the majority of the grease mass emission in the ductwork was found to be in the vapour phase or associated with particles smaller than 1 µm in size (Kuehn et al., 2008; Kuehn et al., 2009a; Kuehn et al., 2009b) . Gerstler et al., (1999a; 1999b; 2002) and Sippola et al., (2005) performed extensive work concerning deposition of liquid borne particles in exhaust and ventilation ducts. Gerstler et al., (2002) found that decreasing the exhaust velocity dramatically decreases the rate at which particles deposit on the wall, due to a decrease in flow turbulence. Sippola et al., (2005) concluded that deposition to duct walls and ceilings was greatly enhanced in ducts which included bends; developing turbulence was associated with greater deposition than straight ducts with fully developed turbulence. Conversely, it has also been suggested that decreasing the velocity of air flow is likely to adversely impact the indoor air quality and human exposure to pollutants (Rim and Novoselac, 2010) . Sippola et al., (2005) also found that deposition levels were greater in insulated ducts compared to uninsulated ducts. It was hypothesised that this was due to the roughness of the insulation, though this was not quantitatively explored. Nevertheless, decreasing insulation levels to reduce FOG deposition is likely to adversely impact any heat recovery potential.
Current approaches to FOG removal
The following sections outline current methods and processes for FOG reduction used in commercial kitchens, and their viability. The UK guidance on cleanliness of ductwork states; "Total grease removal is not normally feasible", and "Due to (high levels)…the majority of the ductwork cleaning will be by manual rather than mechanical methods." (BESA, 2013) . In practice, manual cleaning may occur every 6 weeks for the heaviest loads (BESA, 2013) . Anecdotal evidence suggests that sufficient care over this unpleasant and awkward task is often lacking (HSE, 2007) . This can incur loss of earnings as the catering service must be shut down during cleaning, and comes at additional cost to FOG removal technologies discussed here.
Cooking modifications
Cooking emission rates vary by type of appliance, meat, meat-fat content, and cooking conditions such as oil and temperature (Section 1). Considering emissions factors, cooking hamburgers with 25% fat on a chargrill resulted in 15.0 (McDonald et al., 2003) , 18.0 (Schauer et al., 1999 ), 32.7 (Norbeck, 1997 and 40.0 (Hildemann et al., 1991) g FOG/kg meat. This shows large result variation between similar experiments. Buonanno et al., (2009) found differences in emissions from the same food, cooking method and choice of oil. In the combustion of oil in general, particulate matter emissions depend on furnace temperature, combustion air temperature and O2 levels as well as other parameters. Recent research by Gao et al., (2013) found that particle emissions have little dependence on the types of vegetable oil used but have a close relationship with the heating temperature.
It is possible to reduce the fat content within the plume of extract air through refining the design of certain appliances such as grills and chargrills. Tilting grids with grease gutters directs dripping grease toward the disposal tray. Practically however, some fat on burners is desirable during chargrilling to give the characteristic taste and moisture in the food. Furthermore, these strategies are not robust enough to deliver the reduction in grease levels required for heat recovery or conform to recommendations set out in TR 19 as evidenced by the common need for manual ductwork cleaning (BESA, 2013).
Ventilation effectiveness
Several peer-reviewed articles identify ventilation effectiveness as an indicator of particle distribution, but these tend to focus on particulate pollutants, CO and CO2 in a room and human exposure rather than cleanliness of ductwork (Rim and Novoselac, 2010; Saha and Guha, 2012) . Decisions regarding the design and use of kitchen exhaust hoods for controlling contaminants require consideration of energy costs in addition to indoor air quality (Cao et al., 2014; Rim et al., 2012) . There is contradicting evidence to suggest that the lower fan speeds and corresponding air flow rates may both reduce (CIBSE, 2009 ) and conversely enhance (Gerstler et al., 1999a; Gerstler et al., 1999b ) the ability of the extract system to vent all cooking effluent from the ductwork.
The use of demand controlled ventilation (DCV) is increasingly common in commercial kitchens as it is often regarded as the single largest step a kitchen operator can take to reduce energy demand and running costs (CIBSE, 2009) . In some instances, energy cost savings from DCV can be 30-50% (CIBSE, 2009) . Indicators for variable fan speed drives may include air or cooking surface temperature, steam, CO2 or cooking effluent itself (for example, a via piezoelectric transducer (Liu and Young, 2002) . Increasing ventilation rate to more effectively capture FOG particles mitigates energy savings from DCV (Fisher and Swierczyna, 2014) .
Amending the canopy, ductwork or overall ventilation design incurs large capital cost, restricting these strategies as retrofit solutions in practice. These approaches may also be viewed as moving the issue downstream to the environment, where growing public and regulatory concern is building with regard to air quality.
Air filters
Particle filtration may be provided via washable or disposable filters to include lamb's wool, mesh, baffle and cartridge filters. CIBSE state that Panel, Bag and HEPA type filters reduce airborne smoke particles down to 0.3 µm (CIBSE, 2009), however ASHRAE studies found grease particles <1 µm (and some above 10 µm) are not captured (Kuehn et al., 2008; Kuehn et al., 2009a; Kuehn et al., 2009b; Welch and Kuehn, 2005) . Confirming this, Farrell et al., (2011) found filtration will only capture solid and liquid phase particles and not gas phase emissions. ASHRAE RP-1151 concluded that while some manufacturers claim FOG removal efficiencies of 95%, actual efficiencies of 30% -60% are found (Welch and Kuehn, 2005) .
Grease filters are relatively easy to clean and maintain and have a low capital cost (DEFRA, 2005) . However, these filters may create <500 Pa additional resistance to the air flow, adding to the electrical load of the fans (CIBSE, 2009) . Grease filters need to be replaced regularly but anecdotal evidence suggests that this is not carried out to a satisfactory standard. The high operating cost and environmental impact of filter disposable to landfill should be considered as well as their inability to deal with odours. Disposable filters contribute to higher insurance premiums as they may be considered a fire risk. Due to these issues, DEFRA recommends against their use (DEFRA, 2005) .
Electrostatic precipitators (ESPs) and adsorption filters
Efficiencies of 90-99% are reported for ESPs and activated carbon filters (DEFRA, 2005) , however, effectiveness is limited to grease that adheres to smoke or adsorption surfaces. Pre-filters are required upstream of these devices to provide protection from large contaminants, resulting in airflow resistance and increased fan power. These systems require weekly cleaning and maintenance schedules and regular replacement with high associated cost (DEFRA, 2005) . These systems are less effective at relative humidity (RH) >75% and at high temperatures (>60ºC ESPs and >40 ºC adsorption systems). For this reason they are often ineffective in the typical range of environmental conditions within a commercial kitchen duct. ESPs consume large quantities of energy in their continuous operation (CIBSE, 2009).
Water filtration
Water wash canopies spray or mist hot or cold water and detergent around the extraction system chamber. These systems are effective, efficient and have the added benefit of reducing fire risk. They cannot be overloaded and are low maintenance, but they are expensive to install and require hot and cold water supplies as well as drainage. High operating cost is also reported due to (often continuous) water usage throughout their operation.
These systems also contribute to high pressure drops within the duct and decreased air temperature, adverse to heat recovery (DEFRA, 2005).
UV-C lamps and ozone systems
Ultraviolet light breaks down FOG via light (photolysis) and ozone (ozonolysis). An experimental study by Farrell et al., (2011) found close to 0% capture efficiency from a range of UV systems, even with added protective filtration. The study found that the residence times and ducting length were not sufficient to drive organic chemical reactions to completion.
A further issue with respect to the use of UV and ozone systems is safety. The breakdown of FOG via ozonolysis can lead to the production of many undesirable compounds including nitrogen oxides, aldehydes (including formaldehyde) and of course, excess ozone (Weschler et al., 2006) . Even in low concentrations these are linked with negative health implications (WHO, 2005) . Gaskets in the air handling unit and other rubber materials will deteriorate when exposed to such high ozone concentrations over long periods of time (Ekberg and Woollett, 2013 ).
The addition of UV at least doubles the ventilation systems capital cost and significantly increases its maintenance and running costs; useful radiation output of the UV bulbs is reduced by a relatively small quantity of cooking effluent covering the bulb (Farrell et al., 2011) . The high energy consumption of UVC should be considered, as should the negative implications upon health and safety upon maintaining UVC bulbs (CIBSE, 2009 ). While UV lamps create negligible additional resistance, significant protective filtration does contribute to pressure drops and therefore increased energy input to the fans.
FOG removal utilising biological and chemical activity
Outside of FOG removal within extract air, there exists a number of biological abatement approaches utilising bacteria and enzymes (microbial lipases, proteases and amylases). These are currently attracting enormous attention in industry and academia due to their specificity and the detailed understanding of their nature (Hasan et al., 2009) . Enzymes are already used for the digestion of grease within "grease traps" installed inside floor and sink drains in commercial kitchens and other FOG producing premises, to prevent the clogging of pipework and to adhere to environmental regulation.
Industrial enzymes are utilised in biological laundry detergents, industrial processes such as the removal of lubricants in textile processing, in waste water treatment (Hasan et al., 2009; Macrae and Hammond, 1995) and in surface cleaning applications (Valentinia et al., 2012) . A series of studies investigated the use of a compact rockwool biofilter inoculated with Bacillus in eliminating emissions from commercial cooking extract air (Andersson-Chan, 2000) . Using a live working kitchen, it was found that grease aerosols were effectively removed. However, sampling of the filter after one year revealed that the moisture content and bacterial numbers were very low. This was due to the high velocities of air drying out the material. The high deposition of these hydrophobic compounds in the filter bed lowered the pH and hindered the transfer of water, substrate, and oxygen. High pressure drops also developed over the loose rockwool filter material, thus lowering the outflow from the kitchen and restaurant (Andersson-Chan, 2000) .
Measurement of deposit thickness and associated regulation
As this study focuses upon examining solid deposition over time, the important work of ASHRAE in developing a method to characterise airborne cooking effluent ( ASTM Standard F2519 (ASTM, 2015 Schrock and Knappmiller, 2015) ), as well as technologies such as such as Tapered Element Oscillating Microbalance (TEOM) and piezocrystals were disregarded.
Ramesh (2010) investigated methods of film thickness measurement for the application of grease surface deposit assessment and stated that very little work has been performed in this area. Table 1 summarises the current methods for measurement of existing deposit thickness. ± 20 μm (Omron, 2013) In the UK, the TR-19 "Cleanliness of Ventilation Systems -Guide to Good Practice" outlines the testing procedures that may be used in establishing the cleanliness of ductwork. 
Materials and methods
The objective of the experimental program was to determine if biological agents could reduce the FOG deposits on an already soiled duct, and prevent the further build-up of FOG during operation.
Trial Site, ducting and extraction system
The novel system was trialled at a live working restaurant in Hampshire, South East England. The site was selected due to its known frequent requirement for manual duct cleaning. The FOG reduction strategy previously employed by the site was five in-hood single-stage, baffle-type lamb's wool filters. Despite these filters, the site employed 4-6 manual cleans per year (Figure 3 ). The site is a grill-led business serving a multitude of grilled meats such as steaks, burgers and chicken at an average of 373 meals per day during the trial period.
The extract system comprises of two local closed-end exhaust hoods serving two gas chargrills (1187 mm and 1535 mm wide), two single basket and one twin basket electric fryers, a 6-burner gas range with oven and a wall mounted electric sandwich grill. These hoods along with 4 spigots, duct exhaust air to the 8.73m long galvanised steel ducting situated upon the first floor roof of the restaurant. The air then exits through the exhaust chimney to the surrounding atmosphere. Figure 4 shows the layout of the duct on the roof of the site and the location of its twelve access hatches.
The ventilation system employs a Cheetah™ demand controlled system. The DCV consists of a number of intelligent modules which are interconnected by a data communications network. The system modules include a display processor with system power supply and override facility, a sensor processor, a data logger with GPRS remote access system, temperature sensors (located in ducting) and optical sensors detecting smoke and steam (located in extract hood). Air flow meters in ducts and carbon dioxide sensors are also included as optional modules.
With the DCV operating in normal mode, the system's sensors control the fans. The fans are set to a minimum speed by default but automatically increase in the event of smoke, high temperatures in ducts, low air flow in ducts and high levels of carbon dioxide in the kitchen. Since DCV was installed at the trial site, energy savings of 37% have been found. The typical ventilation rate is 6.12 m 3 /s. 
4.2
The novel system Figure 5 shows a schematic diagram of the novel FOG control system. The system introduces a fine mist of micro droplets (1µm diameter) of an environmentally friendly biological formula into the commercial kitchen extraction and ventilation system. The biological formula is stored in a vessel and mixed with mains water (2.5 bar) at a 1:15 ratio with the use of a pump and solenoid valve in a self-contained central unit. The mixture is then pumped through a high pressure feeding pipe to the extraction hood and ducting where 19 nozzles spray the reagent around the ducting and hood. The nozzle feeding pressure is 55 bar.
Figure 5: Novel system and test duct layout (not to scale)
The dosing regime is regulated by the DCV system. When the DCV system senses that the extract fans require speeding up during cooking activity (by way of temperature detection and an optical laser detecting cooking vapour/steam), the reagent is sprayed into the duct for 2 minutes and repeated after 5 minutes. During periods of low cooking activity, the reagent is sprayed for 1 minute, every 8 minutes. The dosing regime is able to be varied and set remotely. The system was inspected for conformance to a number of building, fire, health and safety regulations by the appropriate local authorities during operation.
Biological reagent
For use in ventilation ductwork, it is necessary to achieve bacterial growth in the mesophilic range, whereby bacteria will grow between 10-45°C. There is often a relationship between growth rate, temperature, pH and enzyme production (Bonala and Mangamoori, 2012) .
The organism, Bacillus subtilis, is of substantial commercial interest due to its highly efficient protein secretion system of lipases, proteases and amylase, and its high substrate specificity. B. Subtilis is particularly well suited to this application as the duct environment is oxygen rich and exists within the ideal conditions of the microorganism. The ideal temperature is between 25 and 35°C, with 35°C often noted as the optimum temperature for aerobic microorganisms (Swanson and Loehr, 1997; Winer and Leson, 1991 The bacteria, procured from GSEnvironnement, were kept in spore form (to resist their environment and prolong their lifespan), by surrounding spores with biocides and salt. The spores are activated upon dilution with water in the ideal environment and with an abundant source of nutrient. A surfactant is added to create the required mix of phases. This also permits some initial breakdown of FOG deposits allowing the bacteria (which is contained within the water phase) to mix adequately with the substrates.
A compromise was reached between a larger droplet size for increased moisture to activate spores, and a smaller droplet size to increase surface area coverage while reducing the water use in the system. This thereby increases the sustainability when compared to other water based FOG reduction systems.
The system was examined for Legionella risk under BS 6068-4.12:1998 6068-4.12: (BSI, 1998 . In accordance with the European Council Directive 2000/54/EC, the reagent consortium was subjected to testing for toxin production and risk of exposure, and designated as "Class 1" (EC, 2000). It is not considered pathogenic, nor hazardous and therefore no special precautions are necessary during its use, besides good hygiene practice.
Experimental methods
Upon assessment of the available methods to monitor grease deposition thickness (Table 1) , the DTT method was selected due to its accuracy, ease of use and its recommendation in the HVCA regulation and guidance notes; no cleaning of the probe is required between samples and no delays due to laboratory tests would ensue.
The methods used in this study are summarised in Table 3 . A paired t-test was used for comparing the mean FOG layer thickness over four sampling sites within the duct on day 1 of study compared with the final day of the trial. All statistical analyses were conducted using SPSS v.21. A p-value < 0.05 was considered statistically significant.
A repeated measures ANOVA was fitted on the weekly average FOG thickness per hatch using a first order auto-regressive heterogeneous covariance structure with study week as a fixed effect.
Microbiological activity testing
A range of laboratory tests were considered to meet the study aim. However, it is important to bear in mind that conditions in batch laboratory flasks differ greatly from the real world setting. Therefore, a number of in-situ tests were carried out on duct microflora with, and without the novel system use by utilising a similar reference site. The reference site was of similar set up (the same brand of restaurant containing similar appliances, similar location (Hampshire, South East England) and similar number of meals served per day).
Total viable count (TVC) was performed enabling identification of colony forming units at the trial site and reference site. 1g of recovered solid from the duct surface was dissolved in a recovery medium and serially diluted before inoculation of nutrient agar plates. Colonies were counted and expressed as number of bacterial colonies per gram of recovered solid. Colonies were also examined microscopically to confirm the species.
Total FOG, total protein and pH were determined for the trial site and the reference site. 25g of solids were obtained from the duct surface and subjected to solvent extraction (iso-octane) to recover the FOG, evaporate the solvent and weigh the total recovered FOG as a % of the original. Total organic Nitrogen was measured by the Kjeldahl (titration) method to infer total protein (bacterial) content.
Results and discussion

FOG deposit thickness
The level of FOG deposit at each of the four measurement locations was found to decrease over the duration of the experimental period. The initial average thickness of 1239µm was reduced by 47% to an average of 668µm in 51 days. The average deposit thickness was determined from the 20 measurements at each location per day to provide an average for that location per day. The averages of each of the four locations were again averaged to provide the total FOG deposit thickness for the duct on each day as per DTT ( Figure 6 ).
Figure 6: FOG deposit thickness (µm)
The most striking results were found in Hatch 1 which saw reductions of 887µm (72%) from 1239µm to 352µm (Figure 7 ). More marked reduction in this location is due to the fact that this end of the duct is situated above a microwave combi oven which emits less particulates than the gas fired chargrill, which was situated under Hatch 8 (the least affected hatch location).
Figure 7: Hatch 1 pre-installation (left) and 2 months post-installation (right)
A summary of the trial results is presented in Table 4 . Figure 6 shows a tailing off of FOG reduction rate around 670µm, where deposits did not significantly increase or decrease for the last 3 weeks of the trial. This plateau is a steady state where the quantity of time and bacteria was insufficient to combat the older FOG layers, but were sufficient to prevent further build up. An "all-in-one" solution such as the reagent used during this trial, containing bacteria as well as detergents and surfactants has an inherent compromise. Too much detergent degrades the cell walls of the bacteria. Not enough, and there is not the required initial chemical breakdown of the grease and adequate mixing of phases. This is the reason for the tailing off of the FOG deposit reduction. Additionally, the deeper into the grease layer, the more the FOG deposits are expected to have been hard baked onto the surface, requiring extra work to remove.
A simple paired t-test comparing the first and last day of study found a p-value of 0.019 indicating that the FOG thickness reduction was significant to 95% confidence interval. Overall the study week had a significant effect on FOG reduction with a p-value of <0.001. Mean FOG thickness decreased continuously throughout study.
From week six, the significance of the reduction increased, and remained as a highly significant reduction throughout the remainder of the study (Table 5) . *.The mean difference is significant at the .05 level.
** Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
Data were gathered on the number of meals served each day between each measurement of FOG thickness.
Preliminary data analysis revealed no relationship between number of meals and grease reduction, confirming that the significant reduction in FOG levels was independent of the number of meals cooked (Figure 8 ).
Therefore, no additional analysis was required. 
Biological reagent tests
Total viable count (TVC) was performed at the trial site and at a reference site of similar set up. The results are displayed in Table 6 . Reference site <10
At the trial site, the bacteria recoverable in solids were found be of high number. Subsequently, these colonies were subjected to microscopic examination and found to be Gram positive and catalase positive rods. This confirmed them as exclusively bacteria originally injected into the duct during treatment (B. subtilis). When a site is not employing the novel system, the duct will contain little to no natural microflora. The duct setting is certainly an environment conducive to the growth of B. Subtilis.
Total FOG, total protein and pH were determined from sample material from the trial site and reference site ductwork. The results are presented in Table 7 . The amount of protein in solids recovered from treated ducting is 3-fold higher than for untreated ducting.
Thus, 90% of solids recovered from the duct at the trial site is bacterial biomass, which is derived from bacterial cell protein and not food residues.
As shown in Table 7 , approximately 12% of the total solids recovered at the trial site were found to be FOG compared to over 80% at the reference site. This demonstrates that treatment is capable of reducing FOG load in ducting by 85%. The table also shows that the pH is lower than optimal in both of the ducts, and should ideally be increased to neutral.
Kitchen environment, ventilation efficacy and DCV energy use
The internal kitchen environment was monitored to ensure that the ventilation system remained effective in terms of ventilation rate inferred by CO2 levels and direct measurement of air flow. The measured airflow (6.12 m 3 /s) exceeds the theoretical minimum airflow calculated via method 1, standard DW/172 (BESA, 2005) of 3.77 m 3 /s. The ventilation efficacy during the trial is also inferred by the absence of any automatic shutdown due to the gas interlocking valve. As this did not occur, the pressure within the duct was maintained above minimum levels and the ventilation rate remained effective.
The CO2 levels within the kitchen were measured as a final check that the ventilation system remained effective.
In accordance with IGEM/UP/19 (IGEM, 2014), as no single CO2 measurement exceeded the critical limit of 2800ppm (an average of 638 ppm was found), the extract system may be considered as working effectively throughout the novel system trial, keeping CO2 levels far below the maximum permitted. Figure 9 shows the energy savings of the DCV ventilation system. Average daily energy use of the fans during operating hours (9:00-23:00) prior to the installation of the DCV system was 150 kWh compared with 95 kWh post installation, providing a saving of 37%. Figure 10 shows a sample of the internal duct environment (RH and temperature) for three days in the week prior to the novel system installation compared with the same three days two weeks into the experimental system trial period.
Duct environment
Figure 10: Duct environment pre and post installation
As this is a live working business, differences in the humidity and temperature can be due to the type, timing and volume of food served on each day and can also be affected by the fluctuating external environmental conditions. However, given that DCV is employed in this facility, and that meals served during each of these periods were fairly consistent, results are most likely to be due to the installation and running of the novel system.
As expected, Figure 10 shows a slight average temperature drop during hours of operation of 7°C for the post installation compared with pre installation duct environment. An increase in RH for the post system installation compared with pre-installation was also observed. These results are to be expected when injecting cold water into the duct. Table 8 summarises the maximum and average temperatures of the pre and post installation internal duct environment during kitchen operating hours (9:00-22:30). 
Utilities consumption and sustainability
The water and electricity use of the system were monitored throughout the trial to allow comparison of results with other available FOG abatement methods in terms of cost and overall sustainability. A two week sample of the water and electricity use is displayed in Figure 11 .
Figure 11: Novel system utilities consumption
The cost of the electricity used in the novel system (main panel and compressor) was found to be an average of 3.49 kWh per day. In terms of water use, a daily average of 16.85 decilitres (1.69 dm 3 ) was found. Avoiding the use of non-sustainable filters mitigates significant waste to landfill and the associated charges from the operator's perspective.
Conclusions and further work
In response to the issues presented by current FOG reduction technologies, a novel system utilising a reagent containing Bacillus subtilis was trialled in situ, during normal kitchen operation. Experimental data and implications of this study are particularly industrially relevant.
Direct FOG deposit thickness measurement and microflora activity tests confirm that the novel system reduces FOG deposits in commercial kitchen ductwork by 47% in seven weeks. The system mitigates build-up of FOG, even if it cannot yet remove the older, more persistent layers of soiling to the suggested limits posed by the BESA of 200µm.
Further work is required in dosing strategies to assess the minimum amount of reagent required to effectively clean while still retaining minimum levels of waste and some demand control. The method of application also requires further investigation as a "fog" rather than a mist or spray may give better retention of reagent against substrate. The levelling off of the rate of FOG deposit reduction might be avoided by injecting the surfactant/detergent mix separately to the microbiological mix to allow for a stronger chemical clean whilst not affecting spore germination. The biological solution could be pre-incubated and active bacteria dosed into the system. The existing, older FOG deposits may be more effectively removed in this way, or by a manual clean upon installation.
The average duct temperature dropped by 7°C once the novel system was installed. The RH increased by an average of 20%, however the maximum temperature and humidity remained similar. This could potentially reduce the effectiveness of heat recovery, but it is unlikely that this would be as dramatic as a continuous water jet system. Temperature reduction may be further minimised using warmer water. Pre-incubation of the bacteria may reduce the impact of water temperature upon air temperature. Accessing recovered heat from the cleaner air could eventually evolve into a closed loop system with pre-heating achieved by heat recovered from the duct itself.
Though some attempt was made to assess the novel FOG mitigation system in terms of operational cost and sustainability, it is very challenging to compare different ventilation and FOG systems in different kitchens because of equipment used, food produced, duct factors, turbulence etc.
The system is highly adaptable to a great variety of kitchens. Types and sources of FOG deposits are highly variable, however it is possible to tailor the biological mixture to a certain degree towards the likely FOG make up. For example, restaurants serving more marinated meats are likely to incur a higher sugar content in their FOG deposits. The reagent might therefore contain a higher proportion of sugar eating bacteria. Conversely, capsicum extracts have been found to inhibit the growth of certain bacteria, so consequently, restaurants serving a more spicy mix of foods might tailor their microbiological reagent accordingly (Dorantesa et al., 2000) .
By design, the novel system avoids reliance on staff operation. There is no health and safety issue posed by ozone or harmful light as is the case with UV systems. Addition of an inhibitor to avoid any possible pit corrosion upon galvanised steel surfaces and use of a water softener or filter to avoid limescale build up may be added when required. Further advantages of the novel system presented in this paper include reduced insurance costs for kitchen operators, as the system may lessen the risk of fire, both by reduction of flammable deposits and as a fire fighting resource. Furthermore, addition of essential oils and fragrance into the reagent may contribute to further solving the odour issues experienced by commercial kitchen operators and their neighbours. 
